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Abstract
Separation joint systems are zero fault tolerant systems that have been used in complex
aerospace applications such as vehicle stage separation and payload fairing removal. The
structural members of separation joint systems must be able to withstand flight loads, but then
completely fracture for instantaneous separation when an explosive is activated. The complex
geometry and loading conditions of the structural member create a complicated stress state
consisting of mixed tension and shear. A need exists to measure the fracture toughness of the
material to ensure it will not support loads intended to fracture and measure its sensitivity to
other variables, such as material properties, geometry variables and combinations thereof. An
application based lab-scale joint toughness test was developed to measure the energy required to
fracture a specimen having the geometry of a separation joint but applying a quasi-static load.
The joint toughness test provides a joint toughness value, i.e. the energy needed to fracture the
specimen, which exhibited sensitivity to material properties and geometry of the specimen.
Fractographic and metallographic evidence confirmed the joint toughness sensitivities and
revealed the independence of the fracture mechanism to the strain loading rate.

vi

Table of Contents
Acknowledgements ..........................................................................................................................v
Abstract .......................................................................................................................................... vi
Table of Contents .......................................................................................................................... vii
List of Tables ................................................................................................................................. ix
List of Figures ..................................................................................................................................x
Chapter 1. Introduction ....................................................................................................................1
Chapter 2. Background ....................................................................................................................4
2.1 Separation System Technology...............................................................................................4
2.2 Material Selection ...................................................................................................................8
2.3 Strain Rate Sensitivity...........................................................................................................11
Chapter 3. Methodology ................................................................................................................13
3.1 Test Design ...........................................................................................................................13
3.2 Test Method ..........................................................................................................................21
3.3 Data Analysis Methods .........................................................................................................23
3.4 Validity of Test Method ........................................................................................................24
Chapter 4. Results and Discussion .................................................................................................33
4.1 Toughness Test Fracture Mechanism ...................................................................................33
4.2 Rate Effects on the Fracture Mechanism ..............................................................................39
4.3 Sensitivity to Material Properties..........................................................................................42
4.3.1 Microhardness Testing .......................................................................................................49
4.4 Sensitivity to Fillet Radius ....................................................................................................54
4.5 Test Reproducibility..............................................................................................................57
Chapter 5. Conclusion....................................................................................................................61
References ......................................................................................................................................64
vii

Appendix A: Digital Image Correlation Results and Analysis ......................................................66
Appendix B: Supporting Metallographic and Fractographic Data ................................................80
Vita...............................................................................................................................................121

viii

List of Tables
Table 2.1 Chemical composition of 7075-T735X aluminum.7 ....................................................... 9
Table 2.2 Mechanical properties of 7075-T735X aluminum.7 ....................................................... 9
Table 3.1 Materials utilized for preliminary testing. .................................................................... 29
Table 4.1 Tensile properties of two aluminum lots according to certified test reports. ............... 42
Table 4.2 Calculated joint toughness values for the two materials............................................... 44
Table 4.3 Average microhardness values for joint toughness test specimens. ............................. 52
Table 4.4 Material properties for material C per the certified test report. .................................... 54
Table 4.5 Calculated joint toughness values for fillet radius sensitivity study. ............................ 55

ix

List of Figures
Figure 1.1 Separation system cross-sectional view.1 ...................................................................... 1
Figure 2.1 Rocket-type flight vehicle structure consisting of two stages and a payload held
together by a separation joint system.3 ........................................................................................... 4
Figure 2.2 Joint separation ring.3 .................................................................................................... 5
Figure 2.3 Separation joint cross sectional view (a) before and (b) after separation. 1 ................... 7
Figure 3.1 Frangible joint separation mechanism observed in dynamically loaded joints. .......... 14
Figure 3.2 a) Representative frangible joint cross section with arrows showing loading directions,
b) single joint toughness test specimen, c) joint toughness test specimen with arrow showing
loading configuration .................................................................................................................... 15
Figure 3.3 Representative original microstructural state of rolled 7075-T7351 aluminum. ........ 16
Figure 3.4 Grain orientation of joint toughness specimen. ........................................................... 16
Figure 3.5 Model of specimen showing the constrained surfaces and area of applied load. ........ 17
Figure 3.6 Example of finite element analysis results. ................................................................. 18
Figure 3.7 Joint toughness test fixture. Loading ram (left) and sample clamping fixture (right). 19
Figure 3.8 Joint toughness specimen on loading fixture. Clamps have been removed for visual
purposes. ....................................................................................................................................... 20
Figure 3.9 Typical load-displacement curve for a frangible joint toughness test. ........................ 22
Figure 3.10 Frangible joint toughness test in progress using digital image correlation technique.
....................................................................................................................................................... 26
Figure 3.11 Frangible joint toughness test set-up utilizing digital image correlation technique. . 27
Figure 3.12 DIC dedicated software real-time monitoring of test. ............................................... 28
Figure 3.13 Post-test broken frangible joint toughness specimen. ............................................... 29
Figure 3.14 Local view strain field map of joint toughness material A specimen prior to
separation. ..................................................................................................................................... 30
Figure 4.1 (a) Clevis fracture surface and (b) polished and etched fracture surface profile. ........ 33
Figure 4.2 (a) Polished and etched leg fracture surface profile and (b) fracture surface .............. 34
Figure 4.3 Fillet radius of clevis fracture surface. ........................................................................ 36
Figure 4.4 Clevis fracture surface features immediately below fillet radius. ............................... 37
Figure 4.5 (a) Clevis fracture surface and (b) polished and etched fracture surface profile near the
notch.............................................................................................................................................. 38
Figure 4.6 Clevis failure surfaces of (a) dynamically-loaded test article and (b) quasi-staticallyloaded joint toughness test specimen. ........................................................................................... 40
Figure 4.7 Polished and etched failure surface profiles of (a) dynamically-loaded test article and
(b) joint toughness quasi-static test specimen. .............................................................................. 41
Figure 4.8 Load-displacement curves for specimens of both material A and B. .......................... 43
Figure 4.9 Clevis fracture surfaces of (a) material A and (b) material B. .................................... 45
Figure 4.10 Clevis fracture surfaces below the fillet radius of (a) material A and (b) material B.
....................................................................................................................................................... 47
Figure 4.11 Clevis failure surface profiles for (a) material A and (b) material B. ....................... 48
Figure 4.12 Light optical microscope image of microhardness testing indentations on specimen
A-6. ............................................................................................................................................... 50
Figure 4.13 Microhardness values for material A specimens. ...................................................... 51
Figure 4.14 Microhardness values for material B specimens. ...................................................... 51
Figure 4.15 Plot of average microhardness values for joint toughness test specimens. ............... 52
x

Figure 4.16 Load-displacement curves for fillet radius sensitivity toughness testing. ................. 55
Figure 4.17 Scatter plot showing the calculated joint toughness vs. fillet radius. ........................ 56
Figure 4.18 Load-displacement curve of specimen A-5. .............................................................. 58
Figure 4.19 Pretest light optical microscope images of specimen C-30 profiles and the
corresponding (c) load-displacement curve. ................................................................................. 59

xi

Chapter 1. Introduction
Structural members of aerospace vehicles must support heavy loads while in extreme
environments and complicated stress states. Thus, the material making up the structure must
have suitable properties to withstand such conditions. In some cases, like that of a frangible joint,
it must also have the ability to fracture when activated by a linear explosive charge, allowing full
separation at the joint.
As this separation mechanism occurs as a dynamic event that takes place within a fraction
of a second, testing of frangible joints is a complicated and expensive process. The final
frangible joint assembly configuration must be tested, however, individual components must first
be verified to be adequate for the intended use. The main structural members, namely the clevis
and tang, of a frangible joint are composed of a metallic material having a unique geometry.

Figure 1.1 Separation system cross-sectional view.1
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A cross-sectional view of the separation system patented in 1987 under U.S. Patent
4,685,3761 and commonly referred to as a frangible joint is shown in Figure 1.1. The joint is
made up of a clevis, also referred to as the female (12) member, having two opposing flanges or
legs (15) with inside (16) and outside surfaces (18). The outside surfaces each have a shear lip
groove (23) commonly known as the separation notch, that open outward and are in line with the
fillet (20). The fillet is formed at each inside corner of the clevis, between the top of the clevis
and the legs. The aft section (11) of the separation system, also known as the tang, is inserted
between the two clevis legs, leaving room for the linear explosive (22). Further details about this
separation system will be discussed in Chapter 2.1.
Typically, metallic components are tested in the bulk material configuration to obtain
material properties such as ultimate tensile strength (UTS), tensile yield strength (YS), and
percent elongation (%El). However, frangible joints do not fracture in pure tension. Rather,
frangible joints experience a complicated stress state consisting of mixed tension and shear,
which varies with location through the joint cross section. Maximum values of tensile properties
are not specified; therefore, a need exists to measure their fracture resistance, i.e., the joint
toughness, under such a stress state.
The objective of this work is to develop a simple method to directly measure the energy
required to sever a frangible joint i.e. the energy absorbed in the notch and leg areas. Then, use
this joint toughness test to experimentally investigate how the energy required will change due to
material variables, geometry variables, and combinations thereof.
The joint toughness test is meant to be a simple, lab-scale test that will not require of an
explosive but will utilize another method to apply a load representative of the linear explosive
charge. For further simplicity, the load was applied in a quasi-static manner to a half-inch
specimen having a cross-sectional geometry of a frangible joint. A conventional testing machine
recorded load as a function of displacement. Toughness measurements were taken as the area
under the resulting load-displacement curve.
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The complex stress state of a frangible joint leads to a fracture mechanism resulting in a
mixed mode failure. The failure mechanism is primarily driven by the geometry of the frangible
joint, the loading conditions, and the material response among other variables. Recreating the
stress state of the joint and obtaining the same fracture mechanism is an area that will be given
special attention, as this will ensure that the joint toughness measurements can be directly related
to the energy required to fracture a frangible joint. Another area of concern is the effect of the
difference in strain rate on the fracture mechanism. The strain rate of the joint toughness test will
be significantly lower than that of an explosively loaded frangible joint. Both topics will be
further discussed in Chapter 2.
Frangible joint separation systems such as this are zero fault tolerant devices that are not
functionally redundant. They are also single-use mechanisms that cannot be tested to
demonstrate performance of the actual flight article. A joint toughness metric will be useful in
qualifying joint material for implementation on spacecraft and providing confidence that they
will not support loads intended to fracture the joint. Moreover, it will be useful in designing and
assessing the reliability of frangible joints, because it could measure sensitivities of frangible
joint performance to other variables.

3

Chapter 2. Background
2.1 Separation System Technology
A separation system is an explosive device that provides instantaneous separation of
flight vehicle structures during flight. It is designed to be a lightweight structurally efficient
separation joint that provides continuous fracture and complete confinement of debris. The main
components of a separation joint include flanged structural aluminum members, a linear
explosive charge, a confinement tube, and initiation manifolds. This technology has been utilized
in many programs such as the early strategic missile programs, Project Mercury, Gemini, Apollo,
and is still utilized on launch vehicles, strategic missiles, aircrafts, and tactical weapons. 2

Figure 2.1 Rocket-type flight vehicle structure consisting of two stages and a payload held
together by a separation joint system.3
4

Figure 2.2 Joint separation ring.3
Historically, linear explosive separation systems have been most often utilized for stage
separation and payload fairing removal. Flight vehicles such as rockets, missiles, and aircrafts
often have the need to separate a stage or a protection system at a specific time during flight.
Figure 2.1 shows a perspective view of a rocket-type flight vehicle consisting of two stages and a
payload held together by an explosive separation joint mechanism. This separation joint is made
into a ring shape, Figure 2.2, to match the flight vehicle geometry and is then bolted to the
stages. Upon command, the linear explosive system is detonated and the separation joint system
fractures along the stress riser allowing the stage to separate completely from the flight vehicle.

5

The three main categories of linear explosive systems are: unconfined detonating cord,
confined detonating cord, and linear shaped charge systems. 2 The unconfined detonating cord
utilizes a metal-sheathed linear explosive referred to as the mild detonating fuse (MDF). Once
activated, the MDF was found to produce enough energy to be able to fracture a structural
aluminum member with a preexisting stress riser to separate a flight vehicle where desired.
However, the debris and explosive gases produced by such event were of concern as they could
potentially damage other parts of the vehicle. Confining the MDF inside a flattened steel tube
further developed the design and helped mitigate the concern.
Various configurations of separation joints have been introduced and utilized throughout
the years, a summary of such inventions and their history was put together by James E. Fritz. 2
Vincent R. Noel and Fred B. Van Shoubrouek patented the separation system specifically
referenced in the work presented on this document under U.S. Patent Number 4,685,376 in
1987.1 Cross-sectional views of the separation joint before and after separation can be seen in
Figure 2.3. This separation joint features a female structural member having a clevis shape (12)
with two opposing legs having inside (16) and outside (18) surfaces. The inside surfaces intersect
the top of the clevis and form a fillet (20). The stress riser (23) or separation notch has an
outward opening intersecting each of the outside surfaces of the clevis legs and is in line with the
fillet. The aft section of the joint (11) or tang section is inserted between the clevis legs, leaving
an opening for the linear explosive. The mild detonating fuse (22) is placed inside an elastomer
component (24) or charge holder, which is utilized to centrally locate the MDF and transmit the
explosive energy to the flattened steel confinement tube (25).

6

(a)

(b)

Figure 2.3 Separation joint cross sectional view (a) before and (b) after separation.1
Once the explosive is activated, the steel confinement tube expands and pushes outward
against both clevis legs. The load applied to the clevis legs causes the separation notch to
fracture and allows the separation of the forward (10) and aft (11) sections of the joint. A unique
aspect of this design is that the separation notch is not aligned with the location of the MDF;
instead it is aligned with the top of the confinement tube for maximum containment of the
explosive system and any possible debris. Unlike other separation systems, the frangible joint is
a continuous fracture event, which is controlled by initiation manifolds.
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Structural consideration of the joint is the main driver for design of such separation or
frangible joint systems. Load capabilities are critical because the joint must be able to withstand
loads of flight vehicle structures. But, the ability of the structural member to fracture upon
activation of the MDF is also critical. Typically, MDF systems rely on a underload/overload
charge margin, meaning that the coreload chosen for the design is 80% to 120% of the nominal
coreload.2 Material selection for the structural members is of upmost importance as frangible
joint systems rely on the fracture mechanism of the structural member for separation
performance. A material that has been found to be suitable for this application and is the focus of
the work presented in this paper is 7075-T7351 aluminum.

2.2 Material Selection
Aluminum alloys are widely used in the aerospace industry due to their excellent
strength-to-weight ratio and good corrosion resistance. The 7xxx series of aluminum alloys, for
which zinc is the main alloying element, exhibit high strength, good ductility and fracture
toughness, as well as fatigue strength.4 These desirable properties are achieved through special
tempers, which subject the material to heat and mechanical treatments. Age hardening is one of
the most common heat treatments employed. Through this process aluminum alloys form
precipitates, precipitation free zones, grain boundary precipitates, and a specific grain
morphology.5
The 7075 aluminum alloy is one of the highest strength aluminum alloys and is
extensively used in highly stressed aerospace structures such a frangible joints. The T7351 is the
temper designation for the material. The T7 designation applies to a wrought product such as
rolled plate that has been solution heat-treated and precipitation hardened. The TXX51
designation indicates that the plate has been stress relieved by stretching to produce a permanent
set of 1.5%-3%.6 Table 2.1 shows the typical chemical composition and Table 2.2 shows the
typical mechanical properties of 7075-T735X aluminum. Its density is 0.102 lb/in3.
8

Table 2.1 Chemical composition of 7075-T735X aluminum.7
Component

Weight %

Zn

5.1- 6.1

Mg

2.1- 2.9

Cu

1.2 - 2

Cr

0.18-0.28

Fe

Max 0.5

Si

Max 0.4

Mn

Max 0.3

Ti

Max 0.2

Other

Max 0.15

Table 2.2 Mechanical properties of 7075-T735X aluminum.7
Property

Value

Unit

Hardness, Brinell

135

HB

Tensile Strength, Ultimate

732000

psi

Tensile Strength, Yield

63100

psi

Elongation at Break

13

%

Modulus of Elasticity

10400

ksi

Poisson's Ratio

0.33

-

Fatigue Strength

21800

psi

Fracture Toughness, Plate, S-L direction

18.2

ksi-in1/2

Fracture Toughness, Plate, T-L direction

18.2

ksi-in1/2

Fracture Toughness, Plate, L-T direction

21.9

ksi-in1/2

Machinability

70

%

Shear Modulus

3900

ksi

Shear Strength

43500

psi
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Fracture behavior of a material will vary depending on the manufacturing method, i.e.
rolling, extrusion, or forging, as well as the heat treatment. Both of these factors will affect the
grain morphology, crystallographic texture, and precipitate size and distribution, which
collectively define the microstructure of the material. The grains could be equiaxed or elongated
in the rolling direction, they could be small in size or be enlarged coarse grains. The amount, size
and distribution of precipitates and intermetallic particles will affect the fracture mechanism.
Typically, a material that has large, coarse intermetallic particles will be more likely to fail by
nucleation, growth, and coalescence of microvoids from these particles. 5 Microstructural features
as well as the loading conditions will play a major role in the fracture behavior of a material.
Standard test methods measure fracture energy under uniaxial tension. For example, the
standard plane strain fracture toughness test monotonically loads a fatigue pre-cracked specimen,
having dimensions great enough to achieve a plane strain stress state, until the fatigue crack
propagates. The energy required to propagate the crack is computed from the load-displacement
record and is reported as the critical stress intensity factor, KIC.8 Known as the plane strain
fracture toughness, and convertible to fracture energy, KIC is a material property, i.e., it is
geometry independent. The energy required to fracture a frangible joint, however, is expected to
depend on geometrical features such as fillet radius, notch offset, leg thickness, and ligament
thickness. Thus it will be necessary to test a specimen having the same geometry as a frangible
joint.
Tests to measure fracture energy in non-standard specimens have been designed and
performed. Barati et al9, for example, fractured plates containing U-notches under mixed mode
load conditions and used strain-energy-density and the J-Integral to characterize fracture energy.
It was found that both criteria could reliably predict fracture behavior. Based on the
understanding achieved in these previous standard and non-standard tests, a frangible joint
toughness test was developed to provide a metric helpful in designing frangible joints and
qualifying them for use on spacecraft.
10

2.3 Strain Rate Sensitivity
Aside from achieving the desired mixed mode stress state, the material’s sensitivity to
strain rate differences is an area of interest. The explosive event of dynamically loaded frangible
joints fractures the joint in microseconds. Being that the joint toughness tests will utilize a much
simpler way to apply a quasi-static load, the strain rate difference will be significant. The extent
of the effects of this strain rate difference on the fracture mechanism of the toughness tests is
unknown.
Previous works on 7075 aluminum have investigated the influence of strain rate on
material behavior. W.-S. Lee et al10, performed testing to determine the dynamic impact
properties of 7075 aluminum alloy at various strain rates and temperatures. In this case, it was
determined that when the flow stress relative to temperature is compared to the flow stress
relative to strain rate, the effect of the temperature difference is much greater. Nevertheless,
although not substantial, it was found that the strain rate does have an effect on the flow stress
for all temperatures.
Another study published by K. Senthil et al 11 investigates the flow and fracture behavior
of 7075-T651 aluminum alloy under different stress states, strain rates, and temperatures. They
performed tensile tests in a wide range of strain rates, 5 x 10 -4 s-1 – 800 s-1, and the corresponding
engineering stress strain curves showed that the strain rate difference had insignificant influence
on the material behavior.
Similarly, K. O. Pedersen et al5 investigated the fracture behavior of 7075-T651
aluminum for quasi-static and dynamic loading conditions through a series of tensile,
compression, and impact tests. For this work, the material was in the rolled plate configuration
and a thorough microstructural evaluation was done pre and posttest. It was found that for all
loading conditions the fracture mode was highly dependent on the grain orientation relative to
the loading direction. Some of the microstructural factors affecting the fracture behavior were the
grain morphology, particle size and distribution, and properties of the grain boundaries. But,
11

most significantly, it was found that the simple quasi-static material tests gave a good indication
of the fracture mode of dynamically loaded tests. 5 Therefore, it was concluded that simple tests
could help in designing more complex tests with impact loading conditions for this material.
Previous investigations on 7075 aluminum do not depict the strain rate sensitivity of 7075
aluminum to be severe. Confidence was gained in the possibility that the desired fracture
mechanism could be obtained and that a quasi-statically loaded test could appropriately represent
the dynamically loaded separation system. Nonetheless, the test design and methodology of the
joint toughness test will evaluate these factors.

12

Chapter 3. Methodology
3.1 Test Design
Joint toughness is akin to plane strain fracture toughness, but is not a material property
because it depends on specimen and loading geometry. It is defined as the energy to fracture a
frangible joint. Aside from the main objective of this work to directly measure the joint
toughness, the test was also designed to be a simple, lab-scale experiment that could simulate the
stress state of the material in the notch area during separation of a frangible joint.
Specimen selection for this test was driven by the separation mechanism of a frangible
joint. The joint loading and geometry dictate the process by which the material at the notch area
of the joint is separated. Figure 3.1 shows the process by which a dynamically loaded specimen
fractures. As the load is applied to the leg, microcracks nucleate at the fillet radius and run along
the length of the frangible joint at slightly different positions inside the fillet radius. These
microcracks begin to coalesce and create a macrocrack that propagates into the clevis under
tensile stress. The load continues to push the leg outward and a band of high plastic shear strain
connects the crack front to the notch. It is suspected that the band of shear strain is at a higher
temperature than the neighboring material. The softened material inside the band fails in a
combination of shear and tensile stresses. The failure surfaces rub over each other and are
smeared as the leg moves outward.

13

Figure 3.1 Frangible joint separation mechanism observed in dynamically loaded joints.a
The loading conditions of a frangible joint are theoretically symmetrical with the
exception of the slight curvature along the length of the joint. When a single cross section of the
joint is considered, the loading experienced by either leg of the joint can be thought of as equal.
The test design was simplified by observing only one side of the frangible joint cross section per
test as illustrated in Figure 3.2.
Sample geometry was kept consistent with that of the separation joint (U.S. Patent
Number 4,685,3761) as discussed in Chapter 2.1. A half-section of a frangible joint clevis was
horizontally placed on a test fixture and a load was applied onto the leg as shown in Figure 3.2c.
The width of the sample was half of an inch, which was dictated by the test fixture and loading
device chosen for these tests.

a

Figure provided by Don Shockey, Ph.D. of SRI International
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Figure 3.2 a) Representative frangible joint cross section with arrows showing loading directions,
b) single joint toughness test specimen, c) joint toughness test specimen with arrow showing
loading configuration
Material selection for specimens was 7075 aluminum-T7351. As previously discussed in
Chapter 2.2, 7075 aluminum is a high strength, age hardenable aluminum alloy commonly used
for aircraft applications due to its high strength to density ratio among other favorable properties.
The material was obtained as a rolled plate product and then machined to the desired geometry.
Material that has been produced by a rolling manufacturing method has a unique microstructure
consisting of elongated grains in the rolling direction. A representative micrograph of original
microstructural state of rolled 7075-T7351 aluminum is shown on Figure 3.3 and grain
orientation with respect to the specimen geometry is shown on Figure 3.4.

15

Figure 3.3 Representative original microstructural state of rolled 7075-T7351 aluminum.

Figure 3.4 Grain orientation of joint toughness specimen.
The toughness test was designed to be easily performed with a conventional mechanical
tester and its instrumentation. This is standard mechanical testing equipment that can be readily
found in a materials laboratory. Considering the range of tensile properties of the material being
used, the appropriate load cell was selected for this testing.
The separation mechanism of the material in the notch area is highly dependent on the
loading conditions the joint is experiencing. Therefore, careful thought was given to the fixture
16

to be utilized for the toughness tests. As part of the test design process, the test specimen
geometry was modeled using PTC Creo 2.0 software, a mesh was created and refined to better fit
the geometry of the specimen, and a series of nonlinear finite element analyses (FEAs) were run.
The model and FEAs were done with the assumptions that material properties of the specimen
are equal to those of 7075-T7351 aluminum and no slipping of the specimen occurs during test,
i.e. the specimen is constrained in all directions on either end.
The purpose of the FEAs was to evaluate test sensitivities to boundary conditions and
variables such as geometry of the loading ram, location of load applied, and combinations
thereof. One example of the model is shown in Figure 3.5. The image shows the constrains
placed on the specimen for one series of FEAs that was done. Blue crosses indicate the areas that
are completely constrained of movement and the green rectangle indicates the area where the
load is being applied. Figure 3.6 shows the results of the FEA run by applying a load of 1400 lbf,
concentrations of stress are shown through a chromatic scale.

Figure 3.5 Model of specimen showing the constrained surfaces and area of applied load.
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Figure 3.6 Example of finite element analysis results.
Finite element analysis results were helpful in understanding the sensitivities of the
specimen to boundary and constraint conditions. These results were used as a guide to develop
the test fixture as well as the placement of the specimen inside of the test fixture. The fixture
used in the joint toughness tests consists of a sample clamping mechanism and a loading ram, as
shown in Figure 3.7.

18

Figure 3.7 Joint toughness test fixture. Loading ram (left) and sample clamping fixture (right).
The clamping mechanism was designed to control the movement of the toughness test
specimen. The base of the clamping mechanism is a steel block with a U-shaped opening close to
the center of the block. Both the half-clevis head and the leg at the bolt line lie on the upper
sections of the block, while the notch and leg portions are suspended in between. The half-clevis
head and the leg at the bolt line shall not experience any movement while the load is being
applied. However, the leg portion of the sample must be allowed to deform as needed until it
fully fractures. The specimen is clamped down on either extreme by two steel plates, which are
held in place by a screw at each corner of the plate. The clamping mechanism was kept simple to
allow for some variation of specimen size and geometry.
The loading ram consists of a steel plunger with a rounded nose whose shape simulates
that of the expanded confinement tube. This was done to ensure that the contact between the
specimen and loading ram did not introduce any unwanted stress concentrations on the surface of
the leg. The location of the load being applied is kept consistent with the linear explosive
centerline location so that the stress state created at the notch area is alike that of a frangible
19

joint. As seen in Figure 3.8, the loading ram was made to be wider than the specimen to ensure
the load is applied evenly across the specimen width, the arrow indicated the direction of the
load being applied.

Figure 3.8 Joint toughness specimen on loading fixture. Clamps have been removed for visual
purposes.
The data acquired during a toughness test is a load-displacement curve. Load is recorded
as a function of displacement with conventional test machine instrumentation. To keep the test
simple and easily performed, the load was applied quasi-statically. The extent to which loading
rate affects fracture behavior is discussed in Chapter 4.2.
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3.2 Test Method
Prior to each test being conducted, the test specimen was imaged and dimensions were
taken to verify the specimen geometry, more specifically the critical dimensions such as notch
and fillet radius. This could only accurately be done at the two cross sectional views of the
specimen, the geometry of the specimen does not allow for an easy and accurate inspection of
the entire width. Being that the specimen is only a half-inch wide, the two extremes could be
thought of as being representative of the entire specimen. The remaining width of the specimen
was visually inspected for any anomalies.
Following the pre-test check, the specimen was loaded onto the test fixture. For correct
placement of the sample relative to the clamps, the area of the specimen that should be
suspended between the clamps was measured using a set of calibrated calipers and a marking
was made on the specimen. Then, the specimen was placed on the base of the fixture, utilizing
the marking as a guide, the clamps were placed on top and they were tightly secured. The sample
alignment was checked once again to ensure did not change due to the tightening of the bolts.
Once the sample was securely loaded onto the test fixture, a thin line was drawn exactly at the
intersection of the clamps and the top of the specimen. This would allow for a visual inspection
of specimen slipping during the test and a post-test inspection of specimen movement.
The standard mechanical testing machine, which was previously powered on, is prepared
for test by doing a calibration check before attaching the loading ram to the load cell. After
ensuring the functionality of the standard mechanical testing machine, the loading ram is affixed
to the crosshead and the load is balanced to ensure the test data excluded the load given by the
affixed loading ram.
The test fixture with the test specimen is then placed on a static plate attached to the base
of the mechanical testing machine. The loading ram is lowered until it almost makes contact with
the test specimen. The pre-programed test method is then started. A monotonically increasing
load is applied to the linear explosive centerline location of the leg. The quasi-static load is
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applied gradually at a constant displacement rate of 0.02 in/min until full fracture occurs. The
significant load drop at the time of fracture causes the test instrumentation to automatically stop
the test. The loading ram is raised and the test fixture is removed from the testing machine. Prior
to removing the fractured specimen from the fixture, a visual inspection is done to ensure that
there was no noticeable specimen slipping or if any other anomaly is noted. The specimen is then
carefully removed from the fixture, making sure the fracture surfaces are not damaged during
removal, and a new specimen can now be loaded onto the fixture for a new test.
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Figure 3.9 Typical load-displacement curve for a frangible joint toughness test.
Figure 3.9 shows the load-displacement curve for a joint toughness test. The load rises
non-linearly, slowly at first, then more steeply and linearly before flattening and dropping
precipitously. The initial non-linearity may be a consequence of the plunger/specimen contact
condition, i.e. some “settling” of a non-perfectly-seated plunger on the specimen surface may
occur as the load is applied. Plastic deformation of the specimen away from the notch accounts
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for some of the non-linearity. The “joint toughness” or “energy to fracture” is taken as the area
under the curve.

3.3 Data Analysis Methods
The quantitative data obtained from the joint toughness tests are the joint toughness
values calculated as the area under the load-displacement curve. The load and displacement
values were recorded by the instrumentation at a frequency of 10 Hz. The total area under the
load-displacement curve was taken as the sum of individual areas between two sequential
displacement data points. These individual areas were calculated by taking the average load
between the two points and multiplying by the difference in displacement between them.

𝐴𝑟𝑒𝑎 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑡𝑤𝑜 𝑝𝑜𝑖𝑛𝑡𝑠 =

(𝐿𝑜𝑎𝑑𝑡 + 𝐿𝑜𝑎𝑑𝑡+1 )
∗ (𝐷𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡𝑡+1 − 𝐷𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡𝑡 )
2

This calculation was done for all points of the test until failure occurred. All of the
individual areas were summed to obtain the total area under the curve. The total area is the joint
toughness value for that test specimen.
The fractographic and the microstructural inspection of post-test specimens provide a
greater understanding of the resulting toughness values. The fracture mechanism and
deformation of the material reveal important aspects of the material response to the applied load.
Fractography of the failure surfaces was performed utilizing a light optical microscope as
well as a scanning electron microscope that allows the analysis to be performed at a microscopic
level. The microstructural analysis of the failure surfaces was done through conventional
metallographic methods. Both the leg and clevis sections of a specimen were sectioned,
mounted, and polished to a mirror-like finish to analyze the profile of the failure surfaces. The
grain structure of the failure surface profiles was revealed by etching the prepared surface using
Kellers etchant. The etched surface was then imaged using a light optical microscope.
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Once the microstructure was revealed, microhardness values were obtained for various
sections of the failure surface profiles. Utilizing the Knoop hardness testing method,
microhardness values were obtained for the bulk or undeformed material of each specimen as
well as measurements along the fracture surface profile and the notch area.

3.4 Validity of Test Method
As with any experimental test method and design, preliminary testing is needed to ensure
that the test can successfully obtain the data needed to calculate the energy required to sever the
frangible joint specimen. The test method utilized to obtain the data is as important as the data
itself and must be validated.
The validity of the test is first questioned by the ability to replicate the desired stress state
of the material in the area of the notch. Replicating the stress state will help ensure that the same
fracture mechanism will drive the separation of the toughness specimen at the notch as in the
dynamically loaded frangible joint. Only by achieving the same fracture mechanism will the joint
toughness values obtained through this method be considered as valid measures of the energy
required to sever the frangible joint. The energy utilized during separation is largely determined
by the fracture mechanism taking place, therefore the state of stress and process through which
the material fractures will directly impact the joint toughness values obtained.
It is also important to verify the functionality of the fixture, including the ability of the
clamps to hold the specimen in place while it is being loaded. Any slipping or movement of the
sample could affect the loading and influence the energy needed to fracture the frangible joint
specimen. Careful attention was given to the axis of loading to ensure the ability of the fixture to
apply a load evenly across the width of the specimen.
Validation of the test method was done by performing preliminary testing, visual
observation of the test specimen and fixture, and analysis of the post-test data. The post-test
analysis includes analyzing the data obtained during preliminary testing as well as performing a
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fractographic inspection of the post-test specimen fracture surfaces. These are some conventional
methods that can be efficiently done to validate the test method. However, as the stress state of
the material throughout the test is of special interest, there was a need to employ an additional
method that could ensure the desired stress state was being achieved. After research and
consideration of the available resources, digital image correlation technique was chosen and used
during preliminary testing.
Digital image correlation (DIC) is an optical non-contact, full field state of the art
technique that can be used to study in situ strain fields during deformation. 12 It is particularly
useful in understanding full displacement and heterogeneous strain fields within a specimen,
which cannot be easily recorded using a conventional strain gauge. DIC can be applied both at
the macro- and micro-scales with the advantage of fast data acquisition with considerably high
accuracy, the resolution and accuracy of the data is dictated by the capabilities of the equipment
used.
For this technique a random speckle pattern is applied to the areas of interest on the
surface of the specimen. Specimens were prepared for DIC by applying a coat of white paint and
then a random speckle pattern with black paint to the cross sections.13 Certain parts of the fixture
that would be in the field of view of the cameras were also prepared in this manner in order to
obtain all possible DIC data during the testing.
Two conventional CCD cameras are set-up and calibrated to look at the same field of
view. During specimen loading, a series of real-time images were recorded simultaneously and
are then processed with dedicated DIC analysis software. 14 Digital image correlation technique is
based on the gray scale intensity of a point in the reference and deformed images. The region of
interest on the surface of the specimen is partitioned into subsets. These are compared on a gray
scale and are used by the technique to evaluate and assign a correlation value utilizing a crosscorrelation algorithm.15 Strain and displacement data at the areas of interest are obtained.
Due to the ability to see either specimen cross section during the testing, digital image
correlation equipment was set up to obtain data of both cross sections, providing two sets of DIC
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data per test. For test method validation purposes, it was determined that rather than obtaining
the same DIC data on both sides it would be most effective to collect DIC data to verify different
aspects of the test on each cross section of the specimen.
Figure 3.10 shows a frangible joint toughness test in progress while utilizing digital
image correlation technique. The DIC data acquisition on this cross section of the specimen was
set-up to collect data of the ligament of the specimen. Therefore, the field of view was adjusted
to look as closely as possible to the ligament area, with the capabilities of the cameras being the
limiting factor. This set of DIC data was referred to as the “local” view of the test. As seen in
Figure 3.10, it was only necessary to apply the white paint and random speckle pattern to the
cross section of the specimen and the loading ram due to the field of view of the cameras. A
close look at the ligament area of the specimen would verify that the desired stress state was
being achieved during the tests.

Figure 3.10 Frangible joint toughness test in progress using digital image correlation technique.
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The opposite cross section of the specimen was used to validate the functionality of the
test fixture. The field of view for this side was set-up to capture the specimen, test fixture, and
loading ram throughout the test and was referred to as the “global” view of the test. Therefore, it
was necessary to apply the white background and speckle pattern to each of those elements, as
shown in Figure 3.11.

Figure 3.11 Frangible joint toughness test set-up utilizing digital image correlation technique.
One of the most unique features of the DIC technique is the ability to create strain maps
of the areas of interest showing the material deformation process through the duration of the test
as shown in Figure 3.12. It should be noted that DIC only measures in plane strain fields,
therefore it must be assumed that the entire half-inch width of the specimen is experiencing the
same stress state. This assumption can be supported through post-test fractographic analysis.
However, this technique does have the ability to measure out of plane displacement that, for this
application, can verify the test fixture is effective.
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Figure 3.12 DIC dedicated software real-time monitoring of test.
Preliminary testing consisted of performing six joint toughness tests utilizing the method
and data acquisition systems previously described. The tests consisted of three seemingly
identical specimens of two different 7075-T7351 aluminum material lots. Table 3.1 lists the
material lots and their properties. As no significant anomalies were observed during the testing,
all six specimens were consecutively tested in the same fashion. Analysis of the data and posttest samples was not done until after all six tests had been completed. Keeping the test method
the same for all six preliminary tests would help determine the validity of the test method, rather
than making modifications after a single test.
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Table 3.1 Materials utilized for preliminary testing.
Material ID

Material

Tensile, Ultimate (ksi)
Min : Max

Tensile, Yield (ksi)
Min : Max

Elongation (%)
Min : Max

A

7075-T7351 Aluminum

77.1 : 77.2

67.6 : 68.0

12.7 : 13.4

B

7075-T7351 Aluminum

67.5 : 69.5

55.0 : 56.8

8.3 : 9.8

Figure 3.13 Post-test broken frangible joint toughness specimen.
After each test was completed, the loading ram was raised so that the specimen could be
easily removed from the test fixture. Figure 3.13 shows the post-test specimen after the loading
ram has been raised but prior to the unclamping of the specimen. There is visible leg deformation
in the sample, but no noticeable difference in leg deformation was observed between the six test
specimens. This was about the only feature visually observable throughout the entire test, aside
from visually confirming that no unusual circumstance occurred for any of the tests. All
preliminary tests were successful in obtaining separation of the leg and clevis by severing the
specimen at the ligament.
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The analysis of the DIC data collected during these tests was a process that utilized the
dedicated DIC software to investigate the questions at hand. The local view of the tests was used
to analyze the stress state by examining the strain field maps throughout the fracture process.
Figure 3.14 shows the strain field map of a specimen of material A immediately before full
separation occurred at the notch. The strain field map indicates the strain experienced by the
material along the x-axis at the surface of the specimen. The positive color scale indicates
concentrations of tensile strains in the material while the negative color scale indicates
concentrations of compressive strains.

Figure 3.14 Local view strain field map of joint toughness material A specimen prior to
separation.

30

All six preliminary tests produced similar strain field maps when qualitatively evaluating
the data. Large concentrations of tensile strains are observed at the fillet radius as well as the
lower portion of the leg. Similarly, large concentrations of compressive strains are observed near
the top of the notch and the upper portion of the leg.
The concentration of tensile strain at the fillet radius caused by the downward load placed
on the leg is indicative of crack formation in that area. This area of tensile strain begins at the
fillet radius and increases in size towards the center of the ligament as the test progresses. The
magnitude of this tensile strain also increases as the test progresses, with the highest magnitude
being at the fillet radius. Directly below that, an area of compressive strain is observed.
Similarly, the compressive strain begins at the top of the notch, opposite of the fillet radius, and
increases both in size and magnitude throughout the test.
Both the tensile and compressive strains along the leg are highest on the material directly
below the loading ram and decrease along the leg as the material further away from the loading
ram experiences less deformation. These concentrations along the leg are due to the bending of
the leg caused by the downward load being applied.
The material in the ligament experiences the most deformation. At the final stage of the
test, immediately before full fracture is observed, the ligament has sustained a significant amount
of deformation and the white paint, being brittle in nature, tends to flake off the surface of the
ligament. This causes a loss of some DIC data in the ligament during the final stages of the test,
gray areas in the ligament can be observed in Figure 3.14.
The global view of the DIC data was used to verify that no unusual movement of the
specimen and fixture were taking place during the tests. Some settling of the loading ram and
fixture was observed at the early stages of the test for all specimens, but no other anomalies were
noted. Supplemental images and analysis of DIC data can be found in Appendix A.
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This qualitative DIC data is in good agreement with the desired stress state previously
described for joint toughness tests. The strain fields observed coincide with the expected stress
state that will produce a separation mechanism like that of a dynamically loaded frangible joint,
Figure 3.1. The test method was proven valid for obtaining the energy required to sever a
frangible joint.
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Chapter 4. Results and Discussion
4.1 Toughness Test Fracture Mechanism
Post-test toughness specimens were analyzed utilizing the methods previously described
in Chapter 3.3. The features on the fracture surface and the fracture surface profile of the quasistatic test specimens were examined with optical and scanning electron microscopes. Similar
fracture features were observed on all specimens. Representative images of the fracture surface
and fracture surface profiles are shown in Figures 4.1 and 4.2.

(a)

(b)

Figure 4.1 (a) Clevis fracture surface and (b) polished and etched fracture surface profile.
Failure propagates from the fillet radius down to the notch. The fracture surfaces and
surface profiles are oriented such that the fillet radius is at the top of the image and the notch on
the bottom. The clevis fracture surface, Figure 4.1a, has rough somewhat linear features near the
fillet radius. These rough features correspond to the jagged quality of the failure surface profile,
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Figure 4.1b, nearest the fillet radius; these corresponding features are indicative of a tensile
failure. The horizontal features observed throughout Figure 4.1b are elongated grains and
inclusions caused by mechanical working of the material. The fracture surface near the notch has
features with horizontal directionality, which appear to have been smeared downward, in the
direction of failure propagation. The fracture surface profile provides evidence of a shear fracture
mechanism due to the downward grain deformation of the subsurface microstructure. Above the
shear fracture region, the fracture surface has darker areas of material that appear to have been
smeared or deposited on the surface during the separation process. The fracture surface profile
exhibits downward deformation of the grains close to the surface as well as material that is
discontinuous to the microstructure and appears to have been deposited onto the fracture surface.
The smeared or deposited material is intermittent throughout the fracture surface and destroys
large portions of the fractographic evidence.

(a)

(b)

Figure 4.2 (a) Polished and etched leg fracture surface profile and (b) fracture surface
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Similarly, the fractographic evidence of the leg shows dark areas having features of
material that has been smeared or deposited onto the fracture surface. However, these areas are
found to start about half way through the ligament and extend upward to the fillet radius. The
smearing appears to be heavier on the leg, destroying almost all of the fractographic evidence
near the fillet radius. The fracture surface profile of the leg, Figure 4.2a, shows the upward
subsurface grain deformation and how the angle of upward deformation increases towards the
fillet radius. Unlike the clevis fracture surface, the material making up the smeared areas on the
fracture surface seems to have a continuous grain structure, implying that the smeared areas have
not been deposited, but are a result of the rubbing of the fracture surfaces as they separate. The
area near the notch exhibits features with horizontal directionality on the fracture surface and
some subsurface grain deformation.
The loading and specimen geometries of the toughness test create a bending of the leg
while the clevis is fixed, as seen in Chapter 3.1. As a result, the leg exhibits more grain
deformation at the fracture surface and more fractographic evidence is lost due to rubbing as
compared to the clevis fracture surface. Fractographic inspection of the clevis fracture surface
provides more information about the fracture mechanism of frangible joint toughness tests.
Immediately above the fracture surface, inside the remaining fillet radius on the clevis,
microcracks nucleate across the width of the specimen, Figure 4.3, showing evidence of the early
stages of fracture into the tensile region. Several cracks nucleate parallel to each other but do not
necessarily connect. As the test progresses, these microcracks grow and coalesce until a
macrocrack is formed. Figure 4.3 shows the transition from the smooth fillet radius to the rough
topography of the fracture surface. It is evident that the macrocrack going into the ligament does
not follow one straight line, but rather a step-like path along the fillet radius. On the bottom left
of the image it can be seen that the fracture surface begins further down the fillet radius towards
the leg, as opposed to the bottom right of the image where the fracture surface begins higher up
on the fillet radius towards the clevis. Between these two regions, there is an area of material that
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appears to be in strips. These apparent strips have been formed by more of these microcracks that
did not coalesce into a macrocrack.

Figure 4.3 Fillet radius of clevis fracture surface.
Below the fillet radius the fracture surface has a rough appearance. A representative
micrograph of this rough area is suspected to have fractured in a tensile mode is shown in Figure
4.4. Evidence of microvoid coalescence and microscopic dimples are observed in the area. The
uniformly round shape of the majority of the dimples is indicative of separation under tension,
not shear. Some of the dimples are elongated downward towards the notch, which is indicative
shear. However, tensile failure is predominant in this area.
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Figure 4.4 Clevis fracture surface features immediately below fillet radius.
The rubbing of conjugate surfaces and smearing of material has destroyed the subsequent
area of the clevis fracture surface by smearing material atop the fractographic evidence of the
separation mechanism. Some features with a horizontal directionality are observed in areas
where material has not been smeared and continue throughout the fracture surface down to the
notch. The micrograph of the fracture surface near the notch, Figure 4.5a, shows how the
horizontal features are smeared downward and overlap, creating a layered topography. The
corresponding fracture surface profile, Figure 4.5b, shows significant grain deformation. From
this comparison, it is concluded that each horizontal feature observed on the fracture surface
corresponds to a grain that has been deformed and smeared downward.
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(a)

(b)

Figure 4.5 (a) Clevis fracture surface and (b) polished and etched fracture surface profile near the
notch.
The fractographic evidence of the joint toughness tests confirms that the desired fracture
mechanism, Figure 3.1, was achieved. The separation process begins by the nucleation of
microcracks along the fillet radius due to a tensile stress, causing a macrocrack to propagate into
the ligament. The tensile fracture mode than changes to a shear fracture due to the bending of the
leg. The crack front continues toward the notch and the material separates by shear. The fracture
surfaces rub over one another as the leg moves out from the clevis and the ligament fractures
completely. The quasi-statically loaded toughness specimens appear to have fractured by the
same mechanism as a dynamically loaded test article.
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4.2 Rate Effects on the Fracture Mechanism
As frangible joints are explosively loaded, the rate at which the load is applied to the leg
of the joint is much higher than the quasi-static joint toughness tests. The fracture event of an
explosively loaded joint is in the order of microseconds to complete whereas toughness tests take
about 130 seconds to fracture. Therefore, the effects of the loading rate on the fracture
mechanism are of special interest.
To determine if loading rate has an effect on the fracture mechanism of the frangible
joint, the fracture surfaces and fracture surface profiles of the quasi-statically loaded specimens
were compared with those of a dynamically loaded test article, Figure 4.6. Both surfaces show a
rough area near the fillet radius, horizontal features near the notch, and a smeared area in the
center, corresponding to tensile failure, shear failure, and rubbing of the conjugate failure
surfaces when the leg moves out from the clevis, respectively.

(a)
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(b)
Figure 4.6 Clevis failure surfaces of (a) dynamically-loaded test articleb and (b) quasi-staticallyloaded joint toughness test specimen.
Likewise the failure surface profiles, Figure 4.7, exhibit rough or step-like features near
the fillet, suggesting a tensile fracture, and a smoother area nearer the notch, suggesting a shear
fracture. The polished and etched representative cross sections show the deformation beneath the
fracture surface. The angled grain structure is a result of both shear fracture and the rubbing of
the failure surfaces as the leg separates from the clevis head.

b

Image provided by Don Shockey, Ph.D. of SRI International
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(a)

(b)
Figure 4.7 Polished and etched failure surface profiles of (a) dynamically-loaded test articlec and
(b) joint toughness quasi-static test specimen.

c

Image provided by Don Shockey, Ph.D. of SRI International
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Based on the fractographic and microstructural evidence, it is concluded that the quasistatic toughness test produces a tensile/shear stress state similar to that produced in dynamically
loaded frangible joints. Loading rate of frangible joints does not change the fracture mechanism.
Fractographic evidence implies that the frangible joint separation is a result of structural bending
of the leg and not the initial shock load. Thus, the quasi-static joint toughness test specimens
fracture by the same mechanism as explosively fractured test articles.

4.3 Sensitivity to Material Properties
The sensitivity of joint toughness to material properties was investigated by testing
specimens from two different material lots of 7075-T7351 aluminum having distinctively
different tensile properties, Table 4.1.
Table 4.1 Tensile properties of two aluminum lots according to certified test reports.
Material ID

Material

Tensile, Ultimate (ksi)
Min : Max

Tensile, Yield (ksi)
Min : Max

Elongation (%)
Min : Max

A

7075-T7351 Aluminum

77.1 : 77.2

67.6 : 68.0

12.7 : 13.4

B

7075-T7351 Aluminum

67.5 : 69.5

55.0 : 56.8

8.3 : 9.8

The resulting load-displacement curves are shown in Figure 4.8. A relatively consistent
maximum load was measured for each material, with the stronger, more ductile material A
reaching significantly higher loads than material B. Though the maximum displacement achieved
by specimens of the same material differed markedly. The investigation of this displacement
difference will be discussed in Chapter 4.6.
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Figure 4.8 Load-displacement curves for specimens of both material A and B.
Joint toughness values, calculated as the area under the curves, are given in Table 4.2.
Specimens machined from the stronger, more ductile material A exhibited higher joint
toughness, as expected, but a sizable difference exists between the A-4 and A-5 values and the
A-6 and A-7 values. This difference reflects the variation in displacement at fracture.
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Table 4.2 Calculated joint toughness values for the two materials.
Specimen ID

Joint Toughness
(lbf·in)

B-5

29.19

B-6

30.42

B-4

31.33

A-4

32.00

A-5

33.24

A-7

37.49

A-6

39.53

Fracture surfaces of specimens from each of the material lots were inspected
microscopically and compared to further understand the effect of material properties on the
fracture mechanism. It is evident that both specimens fractured by a combination of tensile and
shear fracture, as previously discussed. However, distinctions in the topography of the specimens
indicate the contrast in material response due to differences in material properties.
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(a)

(b)
Figure 4.9 Clevis fracture surfaces of (a) material A and (b) material B.
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The overall topography of material B is noticeably more coarse and rugged than that of
material A, which has features that are smoother and more refined, Figure 4.9. One area of
discernable difference is near the notch where horizontal directionality is observed. Material A
exhibits thin strips of material running along the width the specimen while material B produced
thicker strips of material that are not easily followed along the width. Additionally, areas of
smeared material are more excessive and rugged on material B than material A.
On the macro-scale, the tensile fracture areas near the fillet radius have similar step-like
features, but micrographs revealed the differences in material behavior, Figure 4.10. Material B
experienced a tensile fracture near the fillet radius, evidenced by equiaxed dimples of various
sizes. The fracture surface appears to have variations in depth throughout. The presence of
inclusions created larger voids surrounded by areas of dimples. Material A also exhibits evidence
of a tensile fracture near the fillet radius, Figure 4.10a. Equiaxed dimples are observed
throughout the majority of the fracture surface. However, this material has areas that appear to
have been sheared, creating smooth regions on the fracture surface that are preceded by
elongated dimples. The fracture surface appears to be flatter than material B and does not show
evidence of the presence of inclusions.
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(a)

(b)
Figure 4.10 Clevis fracture surfaces below the fillet radius of (a) material A and (b) material B.
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The polished and etched fracture surface profiles of both materials were compared,
Figure 4.11. The grain structures of these materials are noticeably different from each other. The
stronger, more ductile material A exhibits a uniform grain structure having thin, elongated grains
throughout. Material B exhibits grains that are somewhat elongated but are inconsistent, with
grains of varying thickness. Both microstructures show an even distribution of precipitates
throughout the material, however material B does have coarser and irregularly shaped
precipitates. Grain deformation beneath the fracture surface is less severe for material B as it is
the less ductile material displaying a fracture surface that is more jagged than the fracture surface
of material A.

(a)

(b)

Figure 4.11 Clevis failure surface profiles for (a) material A and (b) material B.
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4.3.1 Microhardness Testing
Microhardness testing was performed on the polished and etched fracture surface profiles
for all material property sensitivity toughness specimens. The Knoop hardness test method was
utilized to obtain the microhardness values. For this method, a diamond shaped indenter is used
to apply a force onto the material being tested for a specific amount of time. The size of the
indention left on the specimen is then measured and converted to a Knoop hardness value. The
microhardness testing presented in this document utilized a load of 100 gmf for 15 seconds for
all microhardness tests.
Microhardness testing investigated how the material below the fracture surface was
affected by the separation event, as well as how the material around the notch was affected by
the machining of the specimen. The clevis fracture surface profiles were polished and etched to
reveal the microstructure. Then, the specimens were microhardness tested as shown in Figure
4.12. Indentations were made along the fracture surface staying close to the surface so that the
deformed material was tested. The first indentation was made immediately below the fillet radius
all the way to the notch, then continuing around the notch, while keeping the same orientation of
the indenter relative to the microstructure. In total, ten microhardness tests were done along the
fracture surface and ten other tests were done along the notch radius. Individual microhardness
tests are numbered 1 through 10 for those along the fracture surface and 11 through 20 for those
along the notch radius.
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Figure 4.12 Light optical microscope image of microhardness testing indentations on specimen
A-6.
The resulting twenty microhardness values for each specimen of material A and material
B are shown on Figures 4.13 and 4.14 respectively. It can be seen that overall the microhardness
values for material A decrease as the values along the fracture surface are higher than those
around the notch radius. In particular, specimen A-7 experiences a significant microhardness
drop along the fracture surface, while the other three specimens seem to have fairly consistent
values along the fracture surface. For all specimens, the microhardness of the transition from the
fracture surface to the notch radius (values 10-12) continues to decrease and the remaining
values around the notch radius (values 13-20) appear to be somewhat consistent with each other.
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Figure 4.13 Microhardness values for material A specimens.
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Figure 4.14 Microhardness values for material B specimens.
The microhardness values for specimens machined out of material B seem to be
unchanged throughout, they are consistent with each other and they do not seem to be affected
by the location relative to the specimen.

Only slight variation is observed within the
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microhardness values of material B, which is inherent to the testing method since it is extremely
localized.
Average microhardness values for each joint toughness test specimen are listed on Table
4.3 and displayed on Figure 4.15. The “along fracture surface” value corresponds to the average
of microhardness tests 1 through 10 for each specimen and the “along notch radius” value is the
average of microhardness tests 11 through 20 for each specimen. The “material baseline” value
was obtained by microhardness testing each specimen in an area where the material had not been
affected by the machining and testing.

Table 4.3 Average microhardness values for joint toughness test specimens.

Material baseline
Along fracture surface
Along notch radius

B-4
170.5
166.8
166.0

Microhardness (HK)
B-5
B-6
A-4
167.8
169.9
192.8
164.6
166.9
182.8
161.7
168.8
164.9

A-5
178.4
179.8
169.8

A-6
180.5
182.8
172.7

A-7
190.4
176.5
163.9

195.0

Microhardness (HK)

190.0
185.0

Material
baseline

180.0
175.0

Along fracture
surface

170.0

Along notch
radius

165.0

160.0
B-4

B-5

B-6

A-4

A-5

A-6

A-7

Figure 4.15 Plot of average microhardness values for joint toughness test specimens.
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Microhardness values also revealed a difference in material properties and material
response to the joint toughness testing. Material B post-test specimens did not show a significant
change in microhardness values between the three areas, while material A post-test specimens
show a noticeable drop in microhardness along the notch radius. Additionally, specimens A-4
and A-7 show a drop in microhardness along the fracture surface. Material A is originally the
harder material, but through the machining and toughness testing the material was softened, and
as a result, the microhardness values along the notch radius are similar to the microhardness of
Material B.
The cause of this drop in microhardness along the notch radius in material A could be
attributed to the machining process of specimens or the joint toughness tests. The fracture
surface profiles do not show significant grain deformation along the notch radius as compared to
the grain deformation along the fracture surface. This could indicate that the material along the
notch radius experienced a drop in microhardness due to the fabrication process of the notch.
Literature shows that 7075-T6 aluminum is sensitive to variations in cutting speed and exhibits a
decrease in thrust force with increasing cutting speed, causing softening of the material at
relatively high cutting speeds.16 Although the cutting speed is not known, it is a possible that the
machining of the notch promoted softening of material A.
The sensitivity to material properties investigation revealed that the toughness of the
specimens is in fact sensitive to material properties and processing. The fracture surface profiles
revealed the microstructural differences of the materials, which caused differences in material
response under identical loading conditions. The load-displacement curves showed a clear
difference in maximum load between the two material lots, which produced a difference in
toughness values. Analysis of the same material, 7075-T7351 aluminum, from different lots
confirmed that differences in material properties affect the energy to fracture. Supporting
metallographic and fractographic data can be found in Appendix B.
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4.4 Sensitivity to Fillet Radius
The fracture process of a joint toughness test begins at the fillet radius; the fillet radius is
a geometric feature that plays a key role in the fracture process. The joint toughness test was
applied to investigate the influence of fillet radius on fracture energy. Specimens from the same
material lot with properties shown on Table 4.4 were machined to have identical geometries with
the exception of different fillet radii. Ten specimens were to have a fillet radii of 0.015”, similar
to that of a frangible joint, and an additional ten specimens were to have fillet radii of nominal
upper and lower tolerances, i.e. +0.010” and -0.005”. Machining variance produced ten
specimens each with fillet radii of 0.008”, 0.013”, and 0.020” with a deviation of ±0.002 in each
group. All specimens were tested under the same loading conditions previously described.

Table 4.4 Material properties for material C per the certified test report.
Material ID

Material

Tensile, Ultimate (ksi)
Min : Max

Tensile, Yield (ksi)
Min : Max

Elongation (%)
Min : Max

C

7075-T7351 Aluminum

73.9 : 74.4

64.4 : 65.1

13.1 : 13.3

Figure 4.16 shows the resulting load-displacement curves. The curves are collinear in the
early loading stage, but later begin to flatten and diverge, possibly as a result of plastic
deformation of the leg. And as previously observed seen in Figure 4.8, scatter exists in the
maximum displacement measured in all tests.
Specimens with the large 0.020” fillet radius achieved higher loads and displacements
than the other specimens. There was less distinction between the curves of the medium and small
fillet radii specimens. Accordingly, the joint toughness values for the largest fillet radii are the
highest, and there is little distinction between the medium and small fillet radii joint toughness
values, Table 4.5.
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Figure 4.16 Load-displacement curves for fillet radius sensitivity toughness testing.

Table 4.5 Calculated joint toughness values for fillet radius sensitivity study.
Specimen ID

Fillet Radius
(in)

C-18
C-14
C-11
C-25
C-17
C-19
C-23
C-21
C-20
C-8
C-12
C-13
C-10
C-16
C-15

0.008
0.013
0.013
0.008
0.010
0.008
0.008
0.008
0.008
0.014
0.013
0.013
0.013
0.014
0.013
55

Joint
Toughness
(lbf·in)
56.84
57.20
61.14
61.54
61.74
62.18
62.33
62.35
63.00
63.13
63.21
63.31
63.37
63.37
63.43

C-9
C-26
C-7
C-22
C-24
C-5
C-28
C-6
C-1
C-2
C-30
C-4
C-27
C-3
C-29

0.012
0.008
0.012
0.008
0.008
0.020
0.021
0.020
0.020
0.020
0.021
0.020
0.020
0.020
0.020

63.69
63.96
64.54
65.72
65.75
67.96
68.36
68.51
70.07
70.07
71.21
72.14
72.32
73.19
74.72

Figure 4.17 Scatter plot showing the calculated joint toughness vs. fillet radius.
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The average joint toughness values for the 0.008” and 0.013” fillet radii are 62.54 lbf·in
and 62.64 lbf·in, respectively, suggesting that between a fillet radius of 0.008” and 0.013” joint
toughness is not sensitive to fillet radii. However, the joint toughness of specimens with a 0.020”
fillet radius resulted in an average toughness value of 70.85 lbf·in, which is 11.66% greater than
specimens with the midrange 0.013” radius.
As identical specimens and loading conditions were used for this investigation, the
increase in fracture energy with fillet radius shown above indicates that the toughness of a joint
is sensitive to this geometrical feature. Additionally, any surface imperfection such as a scratch
or discontinuity in the fillet radius, is likely to have an effect on the fracture energy. During
loading, such imperfections inside the fillet radius will become stress concentrators and
contribute to forming the crack front prematurely, requiring less energy to fracture.

4.5 Test Reproducibility
Figure 4.8 shows the load-displacement curves for four tests of specimens with identical
geometry and all machined from material A. All curves rise slowly at first, then increase more
steeply and linearly before flattening and dropping precipitously. The curves do not coincide
with each other, possibly a consequence of differences in the plunger/specimen contact
conditions. Of most concern, however, is the difference in the displacement before the load drop.
Three of the four curves show a slight, but distinct, load drop shortly before the
precipitous drop. The resulting load-displacement curve of specimen A-5 shows the most
significant load drop before the precipitous drop, Figure 4.18. Such features suggest incipient
fracture, perhaps initiation of multiple microcracks at the fillet, coalescence to a continuous
tensile crack, then tensile crack arrest, in accord with the failure surface observations previously
described. As loading continues and displacement increases, the tensile crack transitions to a
shear crack, which propagates rapidly to the notch, and the load drops precipitously.
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Figure 4.18 Load-displacement curve of specimen A-5.
The question of why microcracks would nucleate at lower loads and displacements in
some of the specimens and at a higher load in others arises. Is it a material or geometry variation
issue? Answers were sought by comparing the two fracture surfaces and profiles at various
points through the width of the specimen, but no clear answer was found. One theory is that there
may be machining defects or discontinuities in the fillet radius, causing microcracks to nucleate
at lower loads. This observation was made during the fillet radius sensitivity study as specimen
C-30 was observed to have a significant lack in smoothness in the fillet radius as shown in
Figure 4.18a and b. The resulting load-displacement curve for this specimen deviated from other
specimens in family both in load and displacement.
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(a)

(b)

(c)
Figure 4.19 Pretest light optical microscope images of specimen C-30 profiles and the
corresponding (c) load-displacement curve.
Lack in smoothness of the fillet radius cannot be confirmed throughout the specimen
width, but lack of smoothness was observed on both end cross sections. The corresponding loaddisplacement curve for this specimen exhibits a higher load at a lower displacement value, as
compared to the other specimens having the same fillet radius. The curve continues to reach
higher loads and then drops precipitously at a lower displacement value, causing the toughness
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of specimen C-30 to be comparable to the rest of the specimens. It is possible that these
discontinuities in the fillet radius caused the differences observed in the load-displacement curve.
Further investigation of this theory could be obtained by carefully inspecting the fillet radius
prior to testing and purposely creating discontinuities to observe the changes in the loaddisplacement curves.
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Chapter 5. Conclusion
Toughness of structural members experiencing complicated stress states, such as those
experienced by a separation joint, are not easily predicted by solely using tensile material
properties, since they do not fracture in pure tension. The fracture mechanism of a dynamically
loaded separation joint begins under tensile stress, but as fracture propagates, separation
completes with a shear fracture mode. A toughness metric, i.e. the energy to fracture, provides an
application-based measurement to better qualify joint material for use on spaceflight vehicles.
A lab-scale joint toughness test was developed to measure the energy required to fracture
specimens with geometry representative of a frangible joint. A quasi-static, monotonically
increasing load was applied to the specimen and the displacement to fracture was recorded. The
energy required to fracture the specimen was then calculated from the resulting loaddisplacement curve. Verification of the desired stress state and test fixture functionality were
confirmed through the use of digital image correlation technique.
Post-test fractography and microstructural analysis of the quasi-statically loaded
specimens revealed that the fracture mechanism by which failure occurred was in fact the same
as an explosively loaded frangible joint. This finding confirms that the fracture mechanism of a
frangible joint is not governed by the strain loading rate, but is instead a result of the geometry
and stress state experienced by the material.
Two lots of 7075-T7351 aluminum alloy with different tensile properties, but certified
under the same conditions, were tested to investigate sensitivity of fracture toughness to material
properties. Results showed that material A, being the stronger, more ductile material, had higher
toughness. Fractographic evidence of post-test specimens revealed that both materials ultimately
fractured by the same mechanism, however, relative regions of tensile versus shear fracture
differentiated the two lots. The two material lots showed noticeable differences in their energy to
fracture. Such sensitivities to material properties stress the importance of a joint toughness test as
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a supplemental material qualification for each material lots to be used in complex spacecraft
applications.
Microhardness testing also showed evidence of differing material response between the
two aluminum alloy lots investigated. Fracture surface profile microhardness values were
compared to the microhardness of the untested material for each specimen. Material A specimens
experienced slight softening of the material along the fracture surface and more significant
softening along the notch radius, while the microhardness of material B specimens remained
seemingly unchanged in the areas investigated. Although material B has lower tensile properties
and is less ductile, the machining and fracture processes of the aluminum did not cause softening
effects, showing the difference of material response between two lots designated as the same
aluminum alloy.
Additionally, toughness sensitivity to the fillet radius was investigated through the joint
toughness test. Because the geometry of structural members drives the fracture mechanism, the
fillet radius plays a vital role in the functionality of the joint, acting as the site of fracture
nucleation. Of the three radii tested, specimens with a larger fillet radius produced joint
toughness values approximately 12% higher than the smaller fillet radii. Therefore, the energy
required to successfully separate the joint with a larger fillet radius will be greater.
The joint toughness test developed proved to be an effective method for measurement of
the energy required for fracture. Nevertheless, further improvement of the testing apparatus
could resolve inconsistencies observed. One of these is the variation in displacement to fracture
in seemingly identical specimens. An investigation was sought to answer this question, but no
clear answer was found. It is suspected that discontinuities in the fillet radius, created during
machining, allowed microcracks to nucleate prematurely, causing specimens to fail at lower
displacements. Further testing could investigate how a purposely-introduced discontinuity affects
the toughness test.
Success of the separation system is dependent on complete fracture of the structural
member at the desired time. Sensitivities of fracture toughness to joint material properties and
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characteristics, including tensile strength, microhardness and fillet radius dimension, are proof
that a joint toughness metric provides valuable information useful for the qualification of a
material or specimen geometry for flight suitability. The lab-scale experiment developed
inexpensively supplements material testing to provide meaningful data that directly correlates to
the performance of a separation joint system. Further mechanical characterization of frangible
joints using the joint toughness tested can reinsure the success of the separation system and
therefore the ultimate success of the mission.
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Appendix A: Digital Image Correlation Results and Analysis
Digital image correlation technique was incorporated during preliminary joint toughness
testing. The main purpose of the data obtained from DIC was to verify that the desired stress
state, and therefore the desired fracture mechanism, was being achieved. The technique allowed
the strains on the surface of the specimen to be easily evaluated. Additionally, the DIC data
provided verification of fixture functionality through the measurements of in and out of plane
displacements.
Digital image correlation data was obtained for six preliminary joint toughness tests.
Three specimens were machined from each of the two materials listed on Table 3.1, and tested
according to the method described in Chapter 3.2. Data was captured at a rate of 1 image per
second throughout the entire duration of the test. Figures A.1 and A.2 show the surface strain
progression for a single test from Material A and B, respectively. The images shown in these
figures are only meant to illustrate the progression of the strains experienced by the specimen.
The times associated with each image a - f are not even time intervals due to the nature of
material behavior. The strains increase slowly at first as the material begins to elastically deform.
As the ram pushes on the leg the material will begin to yield and plastic deformation will begin
to take place. The concentrations of strain observed throughout the ligament thickness reach
higher magnitudes and continue to rise quickly as the test progresses. Therefore the time period
between Figure A.1a and A.1b is much longer than the time period between Figure A.1e and
A.1f.
As the specimen gets close to fracture, the material in the ligament has experienced
significant plastic deformation. Due to the paint being brittle in nature, it cannot deform as
aluminum does causing the paint in that area to crack and flake off. Unfortunately, areas where
the paint has flaked off the surface result in data loss. This can be observed in images (e) and (f)
of both Figures A.1 and A.2.
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(a)

(b)
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(c)

(d)
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(e)

(f)
Figure A.1. DIC surface strain data for Material A joint toughness test. Progression of the strain
data with respect to time is observed in images (a) through (f).
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(a)

(b)
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(c)

(d)
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(e)

(f)
Figure A.2. DIC surface strain data for Material B joint toughness test. Progression of the strain
data with respect to time is observed in images (a) through (f).
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Similarities are observed in the progression of surface strains between the two materials
tested. Two distinct areas of tensile strain are observed near the fillet radius on both materials.
The smaller of the two concentrations of tensile strains forms exactly at the corner between the
leg and clevis of the specimen and extends at a 45° towards the clevis. The other concentration of
tensile strains at the fillet radius is closer to the leg of the specimen and extends all the way
through the ligament thickness towards the top of the notch as the test progresses. Both materials
also exhibit compressive strains at the top of the notch, which extend to meet the tensile strains
closest to the leg. In both Figure A.1 and Figure A.2 concentrations of tensile strains are
indicated by orange/red and concentration of compressive strains are indicated by blue/purple.
A higher magnification of the ligament thickness surface strains would have been
preferred, but the CCD cameras available for this testing were the limiting factor. Nevertheless,
the local field of view of the specimen provided the necessary resolution to observe the surface
strain data in the areas of interest i.e. the ligament, fillet radius, and the leg. The resulting surface
strain data from joint toughness tests confirmed that the desired stress state in the ligament area
was being achieved.
On the opposite cross section of the specimen, the global DIC field of view was set up to
acquire data of the fixture and loading ram. There was an interest in ensuring the fixture was
effectively clamping the specimen and that there was no slipping of the specimen during the test.
The ability of DIC to measure displacements in all directions enabled monitoring of fixture and
specimen movement throughout the test. Figure A.3 shows the global view of the joint toughness
test. White paint with black dots and features were applied to the surface of the loading ram, test
fixture as well as the specimen cross section. DIC data was obtained and analyzed for these
areas.
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Figure A.3. Global view DIC for the joint toughness testing.

The dedicated DIC software was used to go through several analyses of the joint
toughness fixture, specimen, and loading ram interaction. One of the tools available through the
software is the use of a virtual extensometer that can be placed between any two points within
the areas for which data was collected. This tool was applied to see how effectively the fixture
was clamping down the specimen on either side of the separation notch. Virtual extensometers
were placed between the base and the clamp as shown in Figure A.4a and labeled E0 through E5
from left to right.
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(a)

(b)
Figure A.4. DIC data for verification of fixture clamping showing (a) the placement of virtual
extensometers on test fixture and (b) data obtained from them.
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Virtual extensometers recorded any changes in length throughout the test. Resulting data,
Figure A.4b, showed that the right clamp, which is securing the clevis side of the specimen,
experienced some separation from the base of the fixture during the test. As the loading ram
begins to push on the leg, virtual extensometers E4 and E5 begin to lengthen and continue until
full fracture occurs. The largest change in length is recorded by E5, which reaches 0.057 mm, E5
reaches 0.024 mm, while the rest of the virtual extensometers show a change of less than 0.012
mm. E2 shows a positive change in length while E0, E1 and E3 show a decrease in length
meaning that the clamp came closer to the base during the test.
The same analysis was done for all six specimens tested using the DIC technique and all
showed similar results. The changes in length that are shown by the virtual extensometer results
show that the fixture is securely clamping the specimen and that there is only slight movement of
the clamps in the vertical direction. Such movement of the clamps is to be expected as these
clamps are not fixed structures and they must counteract the loads delivered by the ram onto the
specimen.
Another area of concern was the possibility of the specimen slipping inside the clamps
due to the load being applied. The clamps were designed to hold the specimen in place while
counteracting the ram pushing on the leg. However, in an effort to keep the fixture design as
simple as possible there was no mechanism designed to prevent the specimen from moving in the
x direction aside from the frictional force of the steel clamps on the aluminum. Slipping of the
specimen could alter the joint toughness results because it would offset the loads recorded by the
load cell. A separate analysis was conducted to investigate the possibility of specimen slipping.
Virtual extensometers were also used but were now placed such that they would measure the
change in length in the x direction between the fixture and the specimen.
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(a)

(b)
Figure A.5. DIC data for verification of specimen slipping showing (a) the placement of virtual
extensometers and (b) data obtained from them.
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Four virtual extensometers were placed on the joint toughness fixture and were all
connected to the leg of the specimen as shown in Figure A.5a. Extensometers E0 and E2 were
connected from the left and right clamps respectively while extensometers E1 and E3 connected
the left and right sides of the base of the fixture to the specimen leg. The change in length
observed by the virtual extensometers is graphically shown in Figure A.5b. All four virtual
extensometers showed changes in length that either increased or decreased in a linear fashion
with time.
In order to interpret the results of this analysis, factors inherent to the testing and setup
must be considered. Change in length of the extensometers in the horizontal direction is being
measured, however, the extensometers had to be placed in such a way that they are not
horizontal. Each virtual extensometer is at a different angle relative to the x direction. As the ram
pushes on the leg, the leg is plastically deformed and displaces downward. The virtual
extensometers will undergo a change in the x direction as a result of this. The linear changes in
the length of the extensometers observed in Figure A.5b are correlated with linear displacement
of the ram and therefore the specimen leg.
Slipping of the specimen would be indicated by sudden changes or deviations from the
linear increase or decrease in the virtual extensometers. A sudden movement is observed at 54
seconds for extensometers E2 and E3. From the analysis previously discussed, it is known that
the clamps experience slight movement throughout the test. But, the movement has also been
recorded by virtual extensometer E3 which is connected to the base of the fixture, a member that
is not expected to move throughout the test. It is possible and somewhat likely that this feature in
the data indicates movement of the specimen relative to the fixture. The movement recorded at
that time is of 0.016 mm. Similar activity with a smaller magnitude is observed at 17 and 36
seconds for the same virtual extensometers.
The simplicity and versatility of the test fixture may be allowing such movements of the
specimen. It cannot be confirmed if a movement or slipping of this extent would affect the load
output of the cell. However, it is not expected to play a major role in the joint toughness results.
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The value of this analysis is to confirm that the specimen is not experiencing movement that is
expected to change the results in a significant way. Customizing the test fixture to the specimen
tested can indeed ensure that a more precise joint toughness value is obtained.
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Appendix B: Supporting Metallographic and Fractographic Data
Specimen A-4
Failure Surfaces

Specimen A-4 clevis failure surface light optical microscope images

80

Specimen A-4 leg failure surface light optical microscope images
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Failure Surface Profile

Specimen A-4 light optical microscope image of polished and etched clevis failure surface
profile
82

Specimen A-4 clevis failure surface profile polished and etched light optical microscope images

83

Microhardness Testing

Specimen A-4 clevis failure surface profile showing microhardness testing indentations
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Specimen A-5
Failure Surfaces

Specimen A-5 clevis failure surface light optical microscope image

85

Specimen A-5 clevis failure surface scanning electron microscope image

86

Specimen A-5 leg failure surface light optical microscope images

87

Failure Surface Profile

Specimen A-5 light optical microscope image of polished and etched clevis failure surface
profile
88

Specimen A-5 clevis failure surface profile polished and etched light optical microscope images

89

Microhardness Testing

Specimen A-5 clevis failure surface profile showing microhardness testing indentations
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Specimen A-6
Failure Surfaces

Specimen A-6 clevis failure surface light optical microscope images

91

Specimen A-6 clevis failure surface scanning electron microscope image

92

Specimen A-6 leg failure surface light optical microscope images

93

Specimen A-6 leg failure surface scanning electron microscope image

94

Failure Surface Profile

Specimen A-6 light optical microscope image of polished and etched clevis failure surface
profile
95

Specimen A-6 clevis failure surface profile polished and etched light optical microscope images

96

Microhardness Testing

Specimen A-6 clevis failure surface profile showing microhardness testing indentations
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Specimen A-7
Failure Surfaces

Specimen A-7 clevis failure surface light optical microscope images

98

Specimen A-7 leg failure surface light optical microscope images

99

Failure Surface Profile

Specimen A-7 light optical microscope image of polished and etched clevis failure surface
profile
100

Specimen A-7 clevis failure surface profile polished and etched light optical microscope images

101

Microhardness Testing

Specimen A-7 clevis failure surface profile showing microhardness testing indentations
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Specimen B-4
Failure Surfaces

Specimen B-4 clevis failure surface light optical microscope images

103

Specimen B-4 clevis failure surface scanning electron microscope image

104

Specimen B-4 leg failure surface light optical microscope images

105

Failure Surface Profile

Specimen B-4 light optical microscope image of polished and etched clevis failure surface
profile
106

Specimen B-4 clevis failure surface profile polished and etched light optical microscope images

107

Microhardness Testing

Specimen B-4 clevis failure surface profile showing microhardness testing indentations
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Specimen B-5
Failure Surfaces

Specimen B-5 clevis failure surface light optical microscope images

109

Specimen B-5 clevis failure surface scanning electron microscope image

110

Specimen B-5 leg failure surface light optical microscope images

111

Specimen B-5 leg failure surface scanning electron microscope image

112

Failure Surface Profile

Specimen B-5 light optical microscope image of polished and etched clevis failure surface
profile
113

Specimen B-5 clevis failure surface profile polished and etched light optical microscope images

114

Microhardness Testing

Specimen B-5 clevis failure surface profile showing microhardness testing indentations
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Specimen B-6
Failure Surfaces

Specimen B-6 clevis failure surface light optical microscope images
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Specimen B-6 leg failure surface light optical microscope images
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Failure Surface Profiles

Specimen B-6 light optical microscope image of polished and etched clevis failure surface
profile
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Specimen B-6 clevis failure surface profile polished and etched light optical microscope images
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Microhardness Testing

Specimen B-6 clevis failure surface profile showing microhardness testing indentations
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